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Abstract
We have previously reported that organ cultured coronary arteries from market-age pigs (6–9 months
of age) exhibit an enhanced contraction to the atherosclerotic-associated peptide, endothelin-1
(ET-1). The objective of this study was to investigate the interaction of 17β-estradiol with ET-1 in
organ cultured coronary arteries from older female pigs (3–4 years old). A cumulative-concentration
response relationship (1 × 10−9 M to 3 × 10−7 M) was generated to ET-1, and the isometric tension
measured in fresh and organ cultured (4 days at 37°C) arterial rings that were each pre-incubated for
50 minutes in different concentrations (1 × 10−9 M to 1 × 10−5 M) of 17β-estradiol. Compared to
freshly used arteries, culturing induced a 2-fold increase in tension development to ET-1 (3 × 10−7

M). Although 17β-estradiol previously relaxed pre-constricted (with a 60 mM KCl solution) arteries,
it did not affect the constrictive response to ET-1. Also, using an ET-1 ELISA we found that 17β-
estradiol did not effect ET-1 production in intact arteries. Our results indicate that 17β-estradiol does
not attenuate the production and constrictive properties of ET-1 in coronary arteries demonstrating
a dedifferentiated cell phenotype.

Keywords
endothelin-1; 17β-estradiol; porcine; organ culture; female

1. Introduction
Endothelin-1 (ET-1) is a potent vasoconstrictive and mitogenic peptide whose synthesis is
increased with cardiovascular diseases such as atherosclerosis, hypertension, and congestive
heart failure (Deedwania, 1999;Miyauchi and Masaki, 1999;Schiffrin and Touyz, 1998). We
previously found that when coronary arteries are organ cultured there is a 2-fold increase in
both the myoplasmic calcium concentration and isometric tension to ET-1 (Hill et al., 2000).
This increased tension development was attributed to the enhanced function of the ETA receptor
subtype. Organ culture has been previously used to induce the dedifferentiation and
proliferation of vascular smooth muscle and endothelial cells which is an early event in vascular
injuries such as coronary artery disease (Alm et al., 2002;Hill et al., 2001;Hill et al.,
2000;Ozaki and Karaki, 2002). This shift to a more synthetic, proliferative phenotype also
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occurs with an increase in age (Kadziolka and Gasior, 1983;Nikkari et al., 1990;Shyu et al.,
2002).

Once women reach menopause there is a rapid increase in the development of coronary artery
disease which is thought to be partially due to the decline in plasma 17β-estradiol levels (Koudy
and Suparto, 2004;Mendelsohn and Karas, 2005;Rossi et al., 2002); therefore, age may
influence the cardiovascular benefits of 17β-estradiol. For example, Lopez-Jarmillo et al.
(2004) found that 17β-estradiol induced arterial dilation only in young women, and not
postmenopausal women or those demonstrating coronary heart disease. Therefore, it is
important to consider the age of the experimental animals because the vascular responses to
sex steroids in coronary arteries changes with age/puberty in pigs and humans (Chatrath et al.,
2003;Zhao et al., 2005). The enhanced ET-1-induced contraction in organ cultured coronary
arteries we previously described was done using market-age pigs which were approximately
6–9 months of age (Hill et al., 2000). Because puberty in pigs is typically reached by 6 months
of age (Sell et al., 1996), in this study we want to determine if an increase in the age of the pigs
(3–4 years of age) increases the vascular reactivity to ET-1. At this age there is a decline in
reproductive viability for females, thus the typical herd life of these pigs is 2–5 years (Koketsu
et al., 1999;Thomas et al., 1999). This increase in age is important because it is associated with
vascular endothelial damage and an increased production of ET-1 by the endothelium (Brandes
et al., 2005). The increase in ET-1 synthesis can accelerate atherosclerotic development by
inducing cell proliferation (Dong et al., 2005;Kizawa et al., 2001) and produce coronary
spasms, which may lead to a myocardial attack (Pernow et al., 2000). Because advanced age
may influence the vascular benefit of 17β-estradiol, the objective of this study was to determine
if 17β-estradiol can attenuate the synthesis and constrictive function of ET-1, especially in a
proliferative disease model (i.e. organ culture) using older female pigs.

2. Methods
2.1 Artery preparation

Pig hearts were obtained from a local meat plant (staffed with an onsite United States
Department of Agriculture veterinarian who confirmed the sex and age of the pigs). The hearts
were from female Yorkshire pigs 3 to 4 years of age (550–600 lbs), which have given more
than five litters and are cycling (showing regular heat cycles); thus these are “retired” breeding
sows. Farmers cull these pigs for slaughter because of reproductive failures, and reduced litter
size (Koketsu et al., 1999;Thomas et al., 1999). For comparison, the average pig life span is
15–17 years and puberty is typically reached by 6 months of age (Sell et al., 1996).

The right coronary artery was finely dissected out of the heart in a cold, low calcium solution
(concentration in mM: 138 NaCl, 5 KCl, 0.2 CaCl2, 1 MgCl2, 10 HEPES, 10 Glucose, and pH
7.4). The dissected artery was temporarily stored in RPMI 1640 medium (supplemented with
2 gm/L of NaHCO3, and adjusted to a pH of 7.4) at 2 to 40 C before its experimental use. Those
arteries to be organ cultured were placed in a 35 mm Petri dish containing 20 mL of RPMI
1640 medium (phenol-free) and incubated at 37°C and 5% CO2 for 4 days (Hill et al.,
2001;Hill et al., 2000). The segments were inspected daily and if a change in pH occurred (from
7.4) the culture medium was replaced.

2.2 Measuring isometric tension
Coronary arteries were sectioned into 3 mm rings and, when required, the endothelium was
removed by gently rubbing the luminal surface of the arterial ring with a toothpick (Hill et al.,
2000). The rings were suspended in 25 mL organ baths containing an oxygenated (95% O2:
5% CO2) modified Kreb’s solution (PSS; composition in mM: 138 NaCl, 5 KCl, 2 CaCl2, 1
MgCl2, 10 HEPES, 10 glucose) having a pH of 7.4 and kept at 37°C. Artery rings were placed

Tummala and Hill Page 2

Vascul Pharmacol. Author manuscript; available in PMC 2007 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



under 2 grams tension for 30 minutes before determining the length-tension relationship for
each arterial ring. A length-tension relationship was determined by initially stretching the rings
50–100 μm, and then applying a depolarizing 60 mM KCl solution (composition in mM: 83
NaCl, 60 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose; pH 7.4) to the rings to induce a
contraction. This procedure was repeated until the next maximum contraction observed was
not more than 10% of the previous stretch (Hill et al., 2000). After determining the length-
tension relationship, the arterial rings were allowed to relax in PSS for 30 minutes. Rings were
then exposed to a 80 mM KCl solution (the composition is similar to the 60 mM KCl solution
except 63 mM NaCl and 80 mM KCl was used); this contraction was used as an internal control
for the experiment. For the relaxation experiments, rings were pre-constricted with a 60 mM
KCl solution and a concentration-response relationship was generated to 17β-estradiol (1 ×
10−9 M to 1 × 10−4 M) and its vehicle (ethanol). For the constriction experiments, rings were
incubated in separate organ baths each having a different 17β-estradiol concentration (1 ×
10−9 M to 1 × 10−5 M, respectively) for 50 minutes before a cumulative concentration response
relationship was generated to endothelin-1 (ET-1; 1 × 10−9 M to 3 × 10−7 M). As previously
done by Hill et al. (2000), the endothelium was removed to maximize the ET-1 contraction.
The isometric tension was amplified by a Transbridge 4M amplifier (World Precision
Instruments, Florida) and the data recorded by the Windaq data acquisition system (Dataq
Instruments, Ohio).

2.3 Measuring endothelin-1 production
The arterial rings were opened longitudinally to expose the luminal side. Each artery segment
was extensively washed in PSS in five serial Petri dishes placed on ice, and one at room
temperature, to get rid of any residual ET-1. The washed artery segments were incubated at
37°C in a humidified 5% CO2 incubator using a four-well multidish (Nunclon, Denmark)
containing 1 mL of phenol-free RPMI media. A time control experiment was initially done to
determine the proper incubation time for maximum ET-1 production and secretion into the
media. For this experiment the media samples were collected at 4, 8, 12, and 24 hours and
stored in liquid nitrogen until the ET-1 ELISA was performed. The weight of the artery
segments from each respective well was recorded after blotting on kimwipes to remove excess
culture media. The incubation time for maximum ET-1 production (8 hours as determined from
the time control experiment) was used in the subsequent experiments to investigate the effect
of 17β-estradiol against ET-1 production. The wash and incubation protocol described above
was followed, and artery segments were incubated for 8 hours under 7 different treatments.
The treatment for each well containing culture media and an artery segment, unless indicated,
were as follows: (1) no artery segment, (2) media + artery, (3) the ethanol vehicle, (4) 1 ×
10−6 M 17β-estradiol, (5) 1 × 10−6 M 17β-estradiol, 1 × 10−5 M 1-aminobenzotriazole, and 1
× 10−5 M 2, 4, Dinitrocatechol, (6) 1 × 10−5 M 1-aminobenzotriazole, and (7) 1 × 10−5 M 2,
4, Dinitrocatechol.

The media samples collected from each respective well were stored in liquid nitrogen. ET-1
production was quantified using the protocol from the ET-1 ELISA kit (Alpco Diagnostics,
New Hampshire). An auto strip washer - ELX50 (Biotek Instruments Inc., Vermont) and Micro
plate autoreader EL311 (Biotek Instruments Inc., Vermont) were used for the washing and
reading of the ELISA plate, respectively. The ET-1 production from each sample was divided
by the weight of each respective artery segment to calculate the ET-1 production per gram of
tissue.

2.4 Chemicals
17β-Estradiol, 1-Aminobenzotriazole (Cyto-P450 inhibitor), 2, 4-dinitrocatechol (COMT
inhibitor), and RPMI media were all purchased from Sigma Aldrich (St. Louis, MO).
Endothelin-1 was purchased from American Peptide Company (Sunnyvale, CA).
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2.5 Statistical Analysis
Data are expressed as the mean ± S.E. for the number (n) of the animals within each group.
Quantification of ET-1 using ELISA was done by constructing a standard curve with the known
standards from the ET-1 ELISA kit. Although there was no significant effect associated with
the ethanol vehicle, to be precise the net relaxation or constriction was obtained by subtracting
out the non-significant effect of the vehicle. Arterial constriction is expressed as a percentage
(%) of the maximum response to 80 mM KCl. Analysis of data was conducted using a paired
student’s t test and a two-way ANOVA when comparing two groups or more than two groups,
respectively. The EC50 values (-log of the effective concentration to generate a 50% response)
were calculated and analyzed using GraphPad Prism 2.0 (GraphPad Software Inc., San Diego,
CA). Statistical analysis of the data was performed using SigmaStat (Jandel Scientific
Software, San Rafael, CA). Significance was defined as p < 0.05.

3. Results
A typical tracing of the concentration-response relationship to 17β-estradiol (1 × 10−9 M to 1
× 10−4 M) is shown in figure 1. The coronary arterial rings were initially pre-constricted by
exposing them to a 60 mM KCl solution. Next, a concentration response relationship (1 ×
10−9 M to 1 × 10−4 M) was generated to 17β-estradiol in fresh (n=5) and organ cultured arterial
rings (n=5) in the presence and absence of their endothelium. Organ cultured arteries generated
less relaxation to 17β-estradiol (1 × 10−5 M to 1 × 10−4 M) than the paired freshly used arteries
in the presence of an intact endothelium (figure 2a), but not after removal of the endothelium
(figure 2b). There was no difference (p > 0.05) in the 17β-estradiol-induced relaxation in the
presence or absence of their endothelium for both the fresh and organ cultured arterial rings

The 17β-estradiol-induced vasorelaxation was investigated against endothelin-1 (ET-1) to
determine if the 17β-estradiol-induced vasorelaxation could counteract the constrictive effect
of ET-1. Each arterial ring was initially incubated in an organ bath having a different 17β-
estradiol concentration (1 × 10−9 M to 1 × 10−5 M) or ethanol (vehicle control) for 50 minutes.
After the 17β-estradiol incubation a cumulative concentration-response relationship (1 ×
10−9 M to 3 × 10−7 M) to ET-1 was generated in fresh (n=4) and organ cultured arterial rings
(n=4). Without 17β-estradiol exposure, the potency (EC50) of ET-1 was 1.86 ± 0.77 × 10−8 M
and 1.75 ± 0.82 × 10−8 M in fresh and organ cultured arterial rings, respectively. Linear
regression analysis of the concentration response curves (3 × 10−9 M to 3 × 10−8 M) indicated
a significant difference between slopes for the fresh (28.33 ± 4.37, r2 = 0.98) and organ cultured
rings (62.36 ± 6.58, r2 = 0.99). There also a significant increase in the maximum tension
developed (Tmax) to 3 × 10−7 M ET-1 with organ culture. Organ culture increased the Tmax
from 52.11 ± 4.53% (fresh rings) to 113.68 ± 6.47% (organ cultured rings) of their maximum
response to 80 mM KCl (figure 3a). This infers that the increase in Tmax in organ cultured
arteries is due to the enhanced response of ET-1 receptors. These results are in agreement with
Hill et al. (2000) who used young market-age pigs (6 to 9 months) to demonstrate that organ
culture induces the functional upregulation of the ETA receptor subtype for ET-1. The enhanced
Tmax to 3 × 10−7 M ET-1 in organ cultured arterial rings is unaffected by the short-term (50
minutes) exposure to 17β-estradiol (figure 3b). Similarly, 17β-estradiol did not affect the ET-1-
induced contraction (Tmax) in freshly obtained arteries (figure 3b).

Even though figure 3 suggest that a short-term exposure to 17β-estradiol does not attenuate
the ET-1-induced constriction, it is still not known if 17β-estradiol could effect ET-1 production
because ET-1 also induces cell proliferation (Dong et al., 2005;Kizawa et al., 2001). We
investigated 17β-estradiol (1 × 10−6 M) on ET-1 production in an intact artery (n=5) using
ELISA. Although previous studies have shown that 17β-estradiol inhibits ET-1 production at
a low concentration of 2 × 10−9 M (Dubey et al., 2001), we used a higher concentration of
17β-estradiol (1 × 10−6 M) because we did not demonstrate a 17β-estradiol-induced attenuation
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of the ET-1 contraction at 1 × 10−9 M 17β-estradiol. The artery segments were incubated with
17β-estradiol for 8 hours. In addition, we also investigated the extent of 17β-estradiol
metabolism in the artery segments using 1 × 10−5 M of the inhibitors, 1-aminobenzotriazole
for cytochrome P450 (Cyto-P450), and 2, 4, dintrocatechol for catechol-O-methyltransferase
(COMT). 17β-estradiol is metabolized to 2-hydroxyestradiol through Cyto-P450, which is then
rapidly methylated to 2-methoxyestradiol through COMT (Dubey et al., 2003;Dubey and
Jackson, 2001;Dubey et al., 2001;Dubey et al., 2004). The culture media was analyzed for
ET-1 production and the results suggest that there is no significant difference in ET-1
production between treatments (figure 4).

4. Discussion
Endothelin-1 (ET-1) exacerbates coronary artery disease by inducing the proliferation of cells
into the lumen of the artery (Dong et al., 2005;Kizawa et al., 2001) and/or by causing a spasm
of the artery (Pernow et al., 2000). This transition of arterial smooth muscle cells into a
proliferative, synthetic phenotype can be induced using an arterial organ culture model (Alm
et al., 2002;Hill et al., 2000;Ozaki and Karaki, 2002;Voisard et al., 1995). We previously found
that organ cultured coronary arteries from market-age pigs (6 to 9 months of age) greatly
enhanced isometric tension development to ET-1 (Hill et al., 2000). Our current study found
that advanced age (3–4 years of age) did not further accentuate the ET-1-induced contraction
or synthesis that we previously described using younger market-age pigs. Also, organ culture
did not affect 17β-estradiol to attenuate the ET-1-induced contraction, although it reduced the
ability of 17β-estradiol to mediate a relaxation response. Therefore, our study describes how
organ culture can exacerbate the constrictive properties of the atherosclerotic peptide, ET-1,
and reduce the relaxation effects of the cardioprotective sex hormone, 17β-estradiol. This is
highly significant because coronary heart disease rates in women after menopause are two to
three times those of women before menopause (Koudy and Suparto, 2004).

As similarly demonstrated by others using market-age pigs (6 to 12 months) (Barber et al.,
1996;Dubey et al., 2001;Sudhir et al., 1997;Teoh et al., 2000), our study shows that 17β-
estradiol can induce the relaxation of a pre-constricted artery. However, the transition of arterial
cells to a proliferative phenotype with organ culture (Hill et al., 2001;Hill et al., 2000),
attenuated the 17β-estradiol-induced arterial relaxation. In advanced cases of coronary artery
disease, White et al. (2005) even found that 17β-estradiol causes arterial constriction.
Mendelsohn and Karas (2005) have postulated that the cardioprotective effects of 17β-estradiol
are lost in atherosclerotic arteries. Our results corroborate a study by Lopez-Jaramillo et al.
(2004) who recently found that 17β-estradiol therapy increases flow-mediated vasodilation
only in younger women and not in postmenopausal women.

Our data suggest that the advancement in age from 6–9 months to 3–4 years does not effect
the ET-1-induced contraction in freshly used or organ cultured arteries. The 2-fold exacerbation
of the ET-1-induced contraction with organ culture is present in both age groups of pigs as
evidenced by the maximum tension developed (Tmax) to 3 × 10−7 M ET-1. We previously
attributed this enhanced ET-1 response to the functional upregulation of the ETA receptor
subtype (Hill et al., 2000). Therefore, this corroborates previous reports suggesting an increase
in ETA receptors with arterial injury, such as atherosclerosis and restenosis (Guh et al.,
1998;Katwa et al., 1999;Wang et al., 1995). Organ culture has also been shown to enhance the
contractile response to the selective ETB receptor agonist, sarafotoxin S6c, while having no
effect on the prostaglandin F2α and interleukin-1β contraction in the human temporal artery
(White et al., 1999). Cao et al. (2005) has also demonstrated an organ culture induced increase
in the contractile response to 5-hydroxytryptamine in the rat mesenteric artery. Previously,
using pigs 6–9 months old, we found a Tmax to 3 × 10−7 M ET-1 of 121 ± 8% and 227 ± 20%
of the maximum response to 80 mM KCl in fresh and organ cultured rings, respectively (Hill
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et al., 2000). In this study, using 3–4 year old pigs, we report a Tmax to 3 × 10−7 M ET-1 of
52.11 ± 4.53% and 113.68 ± 6.47% in fresh and organ cultured rings, respectively. Therefore,
because the 80 mM KCl solution depolarizes arterial smooth muscle to cause calcium influx,
our study suggests that advanced age reduces the ET-1-induced influx of calcium. Hill et al.
(2000) and others (Inui et al., 1999;Kasuya et al., 1989) have demonstrated that ET-1-induced
tension development is attributed to the sustained influx of calcium.

We hypothesized that the ET-1-induced contraction (due to the sustained ET-1-mediated influx
of calcium) and may be inhibited by 17β-estradiol, which can mediate arterial smooth muscle
relaxation by inhibiting calcium influx (Crews and Khalil, 1999;Salom et al., 2002). We found
that the ET-1-induced constrictive response is unaffected by short-term exposure to
physiological (1 × 10−9 M to 1 × 10−8 M) and pharmacological (1 × 10−7 M to 1 × 10−4 M)
concentrations of 17β-estradiol in fresh and organ cultured coronary arteries. This contrasts
previous studies which demonstrated physiological concentrations of 17β-estradiol reduced
the constrictive response to ET-1 in market-age pigs (Sudhir et al., 1997;Teoh et al., 1999).
However, Wynne et al. (2004) similarly found that advanced age decreases the inhibitory effect
of 17β-estradiol on calcium influx.

In vascular smooth muscle cells, ET-1 mediates an initial, transient intracellular calcium
increase followed by a sustained influx of calcium into the cell (Bowles et al., 1995;Hill et al.,
2000). The transient intracellular calcium increase may mediate the mitogenic properties of
ET-1 and cause neointimal thickening during vascular injury (Assender et al., 1996;Douglas
et al., 1994;Hill et al., 2000). Because this transient calcium response is not responsible for the
generation of contractile force we wanted to determine if 17β-estradiol could attenuate ET-1
synthesis. Results from our study suggest that 17β-estradiol does not inhibit ET-1 synthesis.
This contradicts previous studies by Dubey et al. (2001) and Morey et al. (1998) who used
endothelial cell cultures to demonstrate that ET-1 synthesis was inhibited by 17β-estradiol. We
predict that these differences may be due to our use of intact coronary artery segments in
contrast to a cultured endothelial cell line.

5. Conclusions
We used 3–4 year old pigs to contrast our previous study, which used 6–9 month old market-
age pigs (Hill et al., 2000). The organ culture-induced exacerbation of the ET-1 contraction
was present in both age groups of pigs; however, it appears that advanced age reduces the ET-1-
induced contraction. Our results agree with Barber et al. (1996) who found that the strength of
ET-1-induced contractions declines with a drop in 17β-estradiol levels in sexually mature
female pigs. In addition, even though 17β-estradiol mediated a direct relaxation effect, it did
not affect the synthesis of ET-1 or its resultant contraction. The 17β-estradiol-induced
relaxation was further attenuated with the induction of a proliferative cell phenotype (with is
present with vascular disease) using organ culture.
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PSS  
physiological saline solution (Kreb’s media)

EC50  
-log of the effective concentration to generate a 50% response

Tmax  
maximum tension developed

Cyto-P450  
cytochrome P450

COMT  
catechol-O-methyltransferase
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Fig 1.
Representative tracing depicted the 17β-estradiol-mediated relaxation of a pre-constricted (60
mM KCl) coronary artery segment. No relaxation was present using ethanol (EtOH) as the
vehicle for 17β-estradiol. The horizontal line indicates the time period for the generation of
the 17β-estradiol concentration response relationship.
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Fig 2.
17β-estradiol-induced relaxation of fresh and organ cultured arterial rings. As depicted in figure
1, rings were initially pre-constricted with 60 mM KCl. This was followed by the generation
of a cumulative concentration response relationship to 17β-estradiol (1 × 10−9 M to 10−4 M).
Only 1 × 10−6 M to 10−4 M is shown because no relaxation was present at a lower concentration.
(a) Arterial rings with an intact endothelium. (b) Denuded arterial rings (endothelium
removed). The 17β-estradiol-induced relaxation is expressed as percentage (%) of the
maximum contractile response to 60 mM KCl. The * indicates a significant difference (p <
0.05) between freshly used and organ cultured rings. The values are expressed as mean ± S.E.
(n=5 pigs for each group).
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Fig 3.
17β-estradiol has no effect on the enhanced contractile response to endothelin-1 (ET-1) in
organ cultured arterial rings. (a) Organ cultured arterial rings display an enhanced response to
ET-1 compared to fresh rings. A cumulative concentration response relationship was generated
to ET-1 (1 × 10−9 to 3 × 10−4M). The ET-1 induced tension development is expressed as a
percentage (%) of the maximum contractile response generated by 80 mM KCl. The values
are expressed as mean ± S.E. (n=4 pigs for each condition). The * indicates a significant
difference (p < 0.05) between freshly used and organ cultured rings. (b) Incubation in different
17β-estradiol concentrations (1 × 10−9M to 1 × 10−5 M) did not effect the contractile response
to ET-1. The tension developed to 3 × 10−7 M endothelin-1 (ET-1) is expressed as percentage
(%) of the maximum contractile response generated by 80 mM K+. There was no difference
(p > 0.05) between groups. The values are expressed as mean ± S.E. (n=4 pigs).
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Fig 4.
17β-estradiol did not effect endothelin-1 (ET-1) production in intact arterial segments. Arterial
segments were incubated for 8 hours with: (1) with no drug treatment, (2) ethanol as the vehicle
control (EtOH), (3) 17β-estradiol (E2; 1 × 10−6 M), or (4) E2 + 1-aminobenzotriazole (1 ×
10−5 M) and 2, 4, Dinitrocatechol (1 × 10−5 M) to inhibit 17β-estradiol metabolism. The ET-1
concentration in the media sample is expressed as fmol/ml/gram of tissue (n = 5 pigs).
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